A technique for the isolation of intact plastids from spinach (Spinacia oleracea) and pea (Pisum sutivum) leaves, pea roots and castor bean (Ricinus communis) endosperm is described. This technique involves brief centrifugation of whole homogenates on-density gradients. Intact plastids were located in the gradient by assaying for triose phosphate isomerase activity. Contamination of the plastic peak with mitochondria and microbodies was estimated by measurement of cytochrome otidase and catalase, respectively. For three of the four tissues the level of toontamination of the plastids by these organelles was 2% or less. The sedimentation behavior of microbodies from different tissues is discussed.
Various workers have isolated intact plastids by aqueous means from a range of tissues (13, 15, 20, 21, 23, 24, 27) . In many of these examples, their isolation and purity was monitored only by electron microscopy. This method allows the positive conclusion that intact plastids have been isolated to a reasonable degree of purity but does not readily allow an estimate to be made of the yield or the degree of contamination with other organelles. Often these studies have said little about the enzyme complement of the intact plastids.
Studies in which the enzyme levels of the plastids and other organelles have been measured after separation have been carried out chiefly using sucrose density gradients. In these separations, the band containing intact plastids is highly contaminated with other organelles. The microbodies are the usual source of contamination because of the closeness of their equilibrium density to that of the plastids. This is particularly so in certain stages of development of sunflower cotyledons and results in about 90% cross contamination of plastids and microbodies on the gradients (22) . In other tissues (e.g., spinach leaf), the mitochondria and chloroplasts apparently have the same equilibrium density on sucrose gradients (21) . Rocha and Ting (21) have attempted to overcome this by combining sedimentation velocity and isopycnic density gradient centrifugation in sequence to separate the organelles. Although this was largely successful for mitochondria and microbodies, the intact plastids had substantial (13%) contamination with mitochondria, and the yield was very small.
The fact that the other organelles have equilibrium densities close to that of the plastids means that isopycnic density gradi1This research was supported by Grant GB 35376 from the National Science Foundation.
'Present address: Department of Biochemistry Rothamstead Experimental Station, Harpenden, Herts. AL5 2JQ. England. ent centrifugation is not an ideal method for obtaining uncontaminated intact plastids or for rigorously studying the localization of possible plastid enzymes. When used, it can lead to difficulties in defining the localization of enzymes such as aspartate amino transferase which is present in plastids, microbodies, and mitochondria. There is also the possibility of mistakenly ascribing an enzyme to the wrong organelle. The latter seems to haVe occurred with nitrate reductase, a plastid enzyme (7, 19) , which has been claimed to be in the peroxisome (17) .
Little work has been done on the separation of root plastids and their enzyme characterization. Dailing et al. (8) have carried out isopycnic density gradient separation of organelles from wheat roots. Their results show cross contamination between plastids and microbodies, and the presence of a peak of activity of proposed plastid marker enzymes in the mitochondrial region.
This paper presents the results of an attempt to develop a technique for the rapid separation of intact plastids free from contamination by other organelles. It is based on the observation that although chloroplasts and microbodies have similar equilibrium densities, the plastids move extremely rapidly in density gradients due to their high sedimentation coefficient (20, 21) . Intactness has been determined in the sense that the plastids retain enzymes commonly believed to be present in the plastid stroma and which are lost on breakage.
MATERIALS AND METHODS Plant Material. Peas (Pisum sativum var. Meteor) were grown for 2 weeks in a lighted, constant temperature room at 20 C. Spinach (Spinacia oleracea) was purchased from a local market. Root tissue was obtained from peas grown on cheesecloth over an aerated solution of 0.1 mM CaSO, 10 mM KNO,. Castor beans (Ricinus communis var. Hale) were soaked in running tapwater for 24 hr, planted in moist vermiculite, and germinated at 30 C for 4 days.
Tissue Extraction. Spinach and pea leaves were extracted in 2 volumes of an isolation medium consisting of 10 mm KCl, 1 mM MgCl2, 1% (w/v) Dextran T 40, 1% (w/v) Ficoll, 0.1% (w/v) bovine serum albumin made to volume with 30% (w/w) sucrose in 0.1 M Tricine buffer, pH 7.5. Homogenization was achieved by means of 5 x 1 sec bursts in an Atomic blender. Pea roots were ground with a chilled pestle and mortar in 2 volumes of the same medium, except that it also contained 1 mM glutathione and the sucrose concentration was 25% (w/w). Castor bean endosperm halves were separated and washed. Thirty halves were chopped with a razor blade for 15 min in 15 ml of isolation medium in a Petri dish kept on ice. The isolation medium was the same as for leaf tissue except that it also contained 5 mm EDTA, pH 7.5, and the sucrose concentration was 25% (w/w). All homogenates were filtered through eight layers of fine nylon gauze and the filtrate layered directly onto the density gradient.
Density gradients were composed of w/w sucrose solutions ISOLATION OF INTACT PLASTIDS made up in 0.1 M Tricine buffer, pH 7.5. For pea and spinach leaves, the gradients contained in sequence, 4 ml of 60% sucrose, 6 ml of a linear gradient from 60 to 42% sucrose, 5 ml of 42% sucrose, 10 ml of a linear gradient from 42 to 30% sucrose, and a final 3 ml of 30% sucrose. Eight ml of filtered homogenate were placed on top of the gradient. The gradient for the castor bean had a final linear portion of 8 ml of 42 to 25% sucrose topped by 3 ml of 25% sucrose; 10 ml of homogenate was layered onto the gradient. The gradient used for the pea root tissue consisted of a 4 ml cushion of 60% sucrose, a linear gradient of 18 ml of 50% to 25% sucrose, followed by a final 3 ml of 25% sucrose; 10 ml of homogenate was layered on the gradient. The gradients were usually prepared about 2 hr before use.
Immediately after applying the filtered homogenate, the tubes were balanced and placed in a SW27 rotor in a Beckman Spinco L.2-65 centrifuge. As soon as vacuum permitted, they were centrifuged at 4,000 rpm for 5 min, and then at 10,000 rpm for a further 10 min. The rotor was allowed to decellerate to 5,000 rpm before turning on the brake. The gradients were fractionated into samples of 1.2 ml on an ISCO density gradient fractionator, run at 2 ml/min. The sucrose concentrations of the fractions were determined by refractrometry.
Enzyme Assays. All assays were carried out spectrophotometrically at room temperature in 1-ml cuvettes. Catalase was determined by the method of Luck (18), glucose-6-P dehydrogenase and 6-P-gluconate dehydrogenase by the method of Waygood and Rohringer (26) , triose phosphate isomerase by the method of Gibbs and Turner (9), and Chl by the method of Arnon (4). Cytochrome oxidase was measured by the method of Hackett (10), after incubating aliquots of the fraction in 0.1 % digitonin for 5 min.
RESULTS
The results from short term centrifugation of various tissue homogenates on sucrose gradients are shown in Figures 1 to 4 . The enzyme chosen as the plastid marker is that used by other workers (7, 8, 14, 22) , triose phosphate isomerase. This enzyme is also present in the cytosol (1) so that nonparticulate enzyme activity recovered at the top of the gradient includes the soluble enzyme as well as that released from the apparently inevitable breakage of plastids during isolation. In leaf tissues, Chl and NADPH triose phosphate dehydrogenase can also be used to locate chloroplasts.
Results from spinach leaves are shown in Figure 1 . Two peaks of Chl are seen (Fig. la) . The lighter peak, containing roughly 75% of the total Chl, gave no evidence of intact chloroplasts in the phase contrast microscope but the smaller peak, lower in the gradient, did contain intact chloroplasts.
Such a separation of intact and broken chloroplasts has been observed by previous workers using isopycnic methods (7, 21, 22) . Consistent with this interpretation is the distribution of triose phosphate isomerase within the gradient (Fig.lb) . The gradient fractions included in the major Chl peak contained no triose phosphate isomerase, whereas the profile of this enzyme activity coincided faithfully with that of the Chl in the lower peak. Furthermore, the distribution of NADPH triose phosphate dehydrogenase showed that this lower peak is the only particulate fraction containing this marker enzyme of chloroplasts (Figurelb) . From the Chl distribution it can be concluded that some 17% of the chloroplasts had been recovered intact. Of particular importance is the fact that the intact plastids recovered by this method are virtually uncontaminated by other organelles. The distribution of catalase (Fig.la) and cytochrome oxidase (Fig. 1 b) indicates that the microbodies As shown in Figure ic , there are sharp peaks of glucose-6-P and 6-P-gluconate dehydrogenase activity coinciding with the intact plastids. It is unlikely that these peaks are due to nonspecific binding because bovine serum albumin, which has been shown to eliminate this problem (7) , was present in all isolation media. Thus these results support the conclusion of Heber (1 1), Anderson and Advani (1) and Dalling et al. (7) , that a small portion of the activities of these enzymes is associated with the chloroplasts.
Separations from castor bean endosperm are shown in Figure  2 . isomerase was obtained, deep in the gradient. Coinciding with this peak was a peak of 6-P-gluconate dehydrogenase and a smaller peak of glucose-6-P dehydrogenase activity. None of these plastid markers peaked in the mitochondrial region as defined by the cytochrome oxidase activity. This contrasts with the results of Dalling et al. (8) .
Zschoche and Ting (28) and Miflin (19) have shown that isopycnic centrifugation of pea root homogenates results in the coincidental banding of catalase and cytochrome oxidase. The results in Figure 4 show that this is not due to the presence of the two enzymes in the same kind of organelle since cytochrome oxidase moves much more rapidly into the gradient than the catalase marker, and there is virtually no catalase activity under the cytochrome oxidase peak. This result rules out the suggestion of Zschoche and Ting (28) that catalase cobands with cytochrome oxidase because it binds to the mitochondria. The results in Figure 4 , a and b suggest, rather, that under isopycnic conditions the slower moving microbodies are trapped in the dense mitochondrial band.
DISCUSSION
The centrifugation times and gradients used in the experiments described were chosen after a series of preliminary trials. In initial experiments continuous linear gradients were employed, but in most of the experiments reported the gradients included a plateau of 42% sucrose. This was introduced to extend the separation of the two Chl bands, but good separation can be achieved without it. Theoretically, a stepped gradient of 42 to 60% sucrose could be used to trap intact plastids at the interface. From our experience such gradients are unsatisfactory for the following reasons: (a) centrifuging plastids through Figure 3 , a and b. As with spinach leaves, there were two chlorophyll peaks, both of which moved well ahead of microbodies (catalase marker, Figure 3b) and mitochondria (cytochrome oxidase marker, Figure  3a) . The single peak of triose phosphate isomerase coincided with the lower chlorophyll peak and thus represents intact chloroplasts. Figure 4 , a and b, shows the results obtained from pea roots. As with the other tissues, a single peak of triose phosphate 
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sharply changing regions of sucrose concentrations leads to increased breakage and lower recovery, (b) all organelles sedimenting through 42% sucrose would peak coincidentally at the 60% interface, and the tail of an activity peak passing beyond 42% sucrose (e.g., that of catalase in Fig. 2 ) would appear as a peak underlying the plastid peak, (c) such gradients are more likely to lead to artifacts as discussed by Anderson (2, 3) .
The criteria we used for successful separation of plastids were maximum recovery of the plastid marker enzyme(s) and a minimum of contamination by other organelles. Visual examination of Figures 1 to 4 shows that the degree of contamination of the plastids with other organelles was remarkably small. From these results we have calculated the percentage of total mitochondrial and microbody marker enzymes in the plastid peak for the four different tissues as an estimate of the degree of contamination. For plastids from leaves and roots, the contamination with mitochondrial or microbody enzymes varied from 2% down to virtually zero. The castor bean plastids contained only 1% of the total cytochrome oxidase, but 10% of the total catalase was present in the plastid peak. This value is approximately half that obtained in the previous best separation of Cooper and Beevers (6) , and it is probable that even this value could be improved by reducing the time of centrifugation.
In regard to the yield of intact plastids, it is clear from the experiments with leaves that, at best, less than 20% were recovered-a value in line with the results of other workers (7). In the endosperm and root tissue, there is no independent marker for the broken plastids equivalent to Chl and thus it is not possible to estimate the recovery of intact plastids. It is unlikely that they would be significantly greater than in leaf tissue. Attempts were made to locate a band of broken plastids by means of Ca2+-stimulated ATPase (25) , but the activation of this enzyme proved irreproducible; further difficulties arose in root tissue due to the presence of the large number of ionstimulated ATPases (16) . What evidence was obtained suggested that there was a band of broken plastid membranes in nongreen tissue in a similar region to that occupied by the broken chloroplasts, a consideration that should be noted when characterizing membranes from such tissue.
Although the basis for the success of the separation method depends on differences in sedimentation velocities among various organelles, the plastids, both broken (where measurable) and intact, have in fact already reached their equilibrium densities in the gradients after the 15 min centrifugation. The mean banding densities of the plastids are given in Table I and compared to densities observed in isopycnic conditions. For comparison, equilibrium values are given for other organelles together with the mean density of the bands observed after the short period of centrifugation. Clearly mitochondria and microbodies are far from equilibrium at this time.
Finally, an interesting feature of the microbody distribution on these nonequilibrium gradients should be mentioned. The peroxisomes from leaves and also the so-called unspecialized microbodies (12) from roots just barely move into the gradients (mean density 1.10 to 1.13 g/cm3) in 15 min (Figures 1, 3 , and 4) whereas the glyoxysomes from castor bean occupied a position (mean density 1.18 g/cm3) much closer to their equilibrium density (1.25 g/cm3). This apparent difference in the sedimentation velocities of peroxisomes and glyoxysomes may be of value in studying these organelles where they occur together in the same tissue.
In summary, the hybrid of rate and equilibrium density separation of organelles described here allows the separation of intact plastids virtually free of cross contamination with microbodies and mitochondria. This separation can be achieved by a one-step centrifugation and be completed within an hour. It The peak densities were determined from the peak of activity of the marker enzyme in Figures 1 to 4 . The equilibrium densities are those given in the following references: (a) Miflin, B. J., unpublished; (b) Dalling et al. (7); (c) Rocha and Ting (21) has already been used to investigate the location of various enzymes of nitrogen metabolism within the plastids (19) , and should prove applicable to a range of studies.
